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INTRODUCTION  

 

I.1 To the Moon 

The Moon (Fig. I1a) is Earth’s only satellite, it has a radius of 1738 km and a bulk density 

of 3.34·103 kg m-3 (Konopliv et al., 1998). At a present-day average distance of 3.845·105 

km, the Moon is Earth’s nearest neighbour. In spite of their close proximity, the Moon and 

Earth vary considerably in appearance. The Moon lacks a significant atmosphere and shows 

large surface temperature variations, with a minimum of 33 K near the poles and a 

maximum of 400 K at the equator. It is a single plate planetary body, is heavily cratered and 

is geologically dead, with only a primary crust present at the surface. The Moon has an 

average crustal thickness of 49 ± 16 km (Wieczorek et al., 2006), however, it is 

significantly asymmetric in shape (Fig. I1b). The far-side (hemisphere facing away from 

Earth) crust is substantially thicker, on average 13-17 km, than the near-side crust 

(Wieczorek et al., 2006) and lunar volcanic deposits are also concentrated on the Earth-

facing hemisphere. 

Thanks to the Apollo and Luna missions from the 1960s and 1970s, the Moon is 

the only other planetary body from which we have samples of various known locations 

(Table I1). In addition, a significant number of meteorites from unknown locations have 

been identified (e.g. Warren, 2005). These samples revolutionised our knowledge of the 

chemical composition of the Moon, and of the absolute and relative timing of geological 

events that shaped the Moon. For example, it has become clear that the Moon is depleted in 

volatiles, siderophile elements and hydrous phases (e.g. Stevenson, 1987; Lucey et al., 

2006). It is characterised by low oxygen fugacities and hence reduced valance states of 

elements. In sharp contrast to Earth, no Fe3+ occurs on the Moon (e.g. Schreiber et al., 

1987). 
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Figure I1. a) Full Moon photo (courtesy of Robert Reeves), illustrating the two main types of surface material, as observed 

from Earth. (white: highlands, anorthositic crust; black: lowlands, mare basalts). b) Sketched section view of the Moon, 

illustrating the difference in crustal thickness between the near and far side and asymmetry in mare basalt distribution (after 

Wieczorek et al., 2006). 
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I.2 Lunar formation  

The question of how the Moon formed has been hotly debated for many generations. It 

provided the main scientific rationale for the initial US and Soviet-Union lunar space 

programmes, and state-of-the-art measurements of the elemental and isotopic compositions 

of lunar samples and lunar meteorites continue to provide new boundary conditions for 

lunar formation models (e.g. Wiechert et al., 2001; Spicuzza et al., 2007; Touboul et al., 

2007; Pahlevan and Stevenson, 2007; Münker, 2010). 

Successful models of lunar formation need to meet several basic physical and 

chemical requirements. Before the Apollo missions, lunar formation hypotheses were based 

on astronomical observations of the lunar orbit, angular momentum of the Moon and the 

Earth-Moon system, and bulk density of the Moon (e.g. Taylor et al., 2006a; 2006b). 

Before samples were returned to Earth there were three main formation hypotheses to 

explain the Moon’s origin: 1) fissure from a fast-spinning Earth (Darwin, 1879; 1880; 

Wise, 1969; Binder, 1974); 2) coeval formation in a common orbit (e.g. Ruskol, 1960; 

Harris and Kaula, 1975); 3) gravitational capture of a body formed elsewhere in the solar 

system (Urey, 1951).  

The fission model was rejected on the basis of its perceived dynamical problems, 

as it required a significantly larger angular momentum of the Earth prior to fission than 

currently observed for the Earth-Moon system. Coeval formation and capture are also 

dynamically implausible and were rejected based on the compositional analyses of Apollo 

samples (e.g. Stevenson, 1987). Analysis of the returned samples required a new formation 

hypothesis. Geochemical constraints that needed to be considered included the iron and 

volatile depletion of the Moon compared to the bulk Earth, siderophile element abundance 

differences, and identical stable oxygen isotope signatures compared to Earth (Spicuzza et 

al., 2007). The iron depletion and siderophile element abundances indicated that the Moon 

was composed predominantly of silicate materials previously depleted by metal removal 

Table I1. Compilation of lunar sample return missions. Apollo mission coordinates are based on the Mean Earth Polar-Axis 

Coordinate system (Davies and Colvin, 2000). Luna mission coordinates and mass of all returned sample material taken 

from Hiesinger and Head (2006) 

Mission Arrival date Landing site Latitude Longitude Samples returned 

Apollo 11 20-Jul-69 Mare Tranquilitatis 00 67’ N 230 47’ E 21.6 kg 

Apollo 12 19-Nov-69 Oceanus Procellarum 30 01’ S 230 42’ W 34.3 kg 

Apollo 14 31-Jan-71 Fra Mauro  30 65’ S 170 47’ E 42.3 kg 

Apollo 15 30-Jul-71 Hadley-Apennine 260 13’ N 30 63’ E 77.3 kg 

Apollo 16 21-Apr-72 Descartes 80 97’ S 150 50’ E 95.7 kg 

Apollo 17 11-Dec-72 Taurus-Littrow 200 19’ N 300 77’ E 110.5 kg 

Luna 16 20-Sep-70 Mare Fecunditatis 00 7’ S 560 3’ E 101 g 

Luna 20 21-Feb-72 Apollonius highlands 30 5’ N 560 5’ E 50 g 

Luna 24 18-Aug-76 Mare Crisium 120 7’ N 620 2’ E 170 g 
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(Taylor et al., 2006a). Eventually these chemical constraints led to the now generally 

accepted view that our Moon formed as a result of a giant collision between the proto-Earth 

and a Mars-sized impactor, named Theia (e.g. Hartmann and Davis, 1975; Cameron and 

Ward, 1976; Benz et al., 1986; Cameron and Benz, 1991; Canup and Asphaug, 2001; 

Canup 2008). After collision crustal and mantle material of both bodies re-accreted to form 

the Moon. To explain the present-day angular momentum of the Earth-Moon system the 

impact needed to be oblique (Canup, 2004; 2008). The Moon’s chemical characteristics 

also require that significant portions of iron and siderophile elements of both the Earth and 

impactor were concentrated into metallic cores prior to collision (Hiesinger and Head, 

2006). 

Although the giant impact model of lunar formation has remained unchallenged 

over the past decades, recent measurements of lunar sample isotopic compositions for O, 

Cr, Ti, K, Si, and W show an unexpectedly high degree of similarity between the Moon and 

the bulk silicate Earth. This is inconsistent with the outcome of dynamical models of Moon 

formation via a giant impact, which all show that 60 to 90% of the material that formed the 

Moon was derived from the impactor rather than from Earth’s mantle (e.g. Canup, 2008).  

To account for the identical oxygen isotope signatures of Earth and Moon 

Pahlevan and Stevenson (2007) proposed turbulent mixing and equilibration in the 

energetic aftermath of the giant impact. This mixing is thought to arise in the molten disk 

epoch between the impact and lunar accretion, lasting possibly 102-103 years (Pahlevan and 

Stevenson, 2007). At present it is unclear whether this process can account for the identity 

of isotopic compositions for heavier elements including W, and alternative models for the 

dynamics of Moon formation will have to be explored (e.g. Zindler and Jacobsen, 2009, de 

Meijer and van Westrenen, 2009; van Westrenen and de Meijer, 2010).  

Irrespective of the details of the lunar formation process, it is clear that vast 

amounts of energy were released during re-accretion of the material that formed the Moon. 

Provided that accretion occurred rapidly enough (<103 years) it led to the formation of a 

Moon-wide melt layer (e.g. Smith et al., 1970; Wood et al., 1970; Warren, 1985, Warren, 

1985; Shearer and Papike, 1999; Shearer et al., 2006), generally referred to as the lunar 

magma ocean (LMO). This thesis deals with the physical and chemical properties of lunar 

magmas involved in the crystallisation and subsequent remelting of this LMO. 
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Figure I2. Compilation of crustal types on the 

terrestrial planets and the Moon (after Head, 

1999). 
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I.3 Lunar magma ocean 

The presence of magma oceans significantly influences the interior evolution of planetary 

bodies. Magma oceans are thought to have played roles in shaping Earth (Hostetler and 

Drake, 1980; Warren, 1985; Matsui and Abe, 1987; Abe, 1997), Mars (Elkins-Tanton et al., 

2005), conceivably Venus (Matsui and Abe, 1986; Sleep, 2000) and possibly Mercury 

(Robinson and Lucey, 1997). A magma ocean is even thought to persist on Jupiter’s Moon, 

Io (Keszthelyi et al., 1999).  

The Moon is the perfect, and perhaps only, place to study magma ocean 

solidification processes, since direct evidence for a magma ocean has been preserved. The 

presence of an anorthositic highland crust and of samples enriched in incompatible 

elements K, REE, and P (KREEP) give strong support to the magma ocean concept (e.g. 

Warren, 1985). The Moon’s relative small pressure range and dry magma ocean 

composition increased the stability range of plagioclase and hence favoured its formation 

(Elkins-Tanton et al., 2005). On other bodies for which a magma ocean has been proposed, 

including Earth, most if not all evidence has been erased by subsequent geological activity 

(Fig. I2).  

Presently, there is no consensus about the initial depth of the LMO and thus the 

volume of undifferentiated lunar mantle that was melted (Shearer and Papike, 1999). 

Values including whole-Moon melting have been proposed (Runcorn, 1977). The main 

reason for the uncertainty of LMO initial depth is related to our incomplete understanding 

of the bulk lunar composition and internal structure of the Moon.  

I.3.1 LMO crystallisation 

The crystallisation of the LMO has been extensively studied (Warren, 1985; Snyder et al., 

1992; Shearer and Papike, 1999; Wieczorek et al., 2006). Early stages of magma ocean 

crystallisation were characterised by very high cooling rates, because significant radiative 

heat was lost through the discontinuous and thin protocrust (Shearer and Papike, 1999). The 

crystallisation sequence is likely to have started with equilibrium crystallisation for the first 

three quarters followed by fractional crystallisation for the final quarter (Snyder et al., 

1992). The crystallisation sequence is summarised as: 1) olivine; 2) orthopyroxene; 3) 

olivine + pigeonite + plagioclase; 4) pigeonite + clinopyroxene + plagioclase and 5) 

pigeonite + clinopyroxene + plagioclase + ilmenite. Plagioclase is assumed to have floated 

upward, due to the density contrast with the magma from which it crystallised, and formed 

the anorthositic crust at the lunar surface. Depending on the starting magma ocean bulk 

chemical composition, plagioclase started crystallising after approximately 75% of LMO 

solidification (Snyder et al., 1992). During the final few percent of magma ocean 

solidification, the residual liquid became highly enriched in incompatible elements and 

provided the source for the “KREEP” rich rocks.  
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 The proposed structure of the magma ocean cumulate pile is illustrated in Fig. I3. 

The initial LMO composition strongly affects the fractionation sequence (Snyder et al., 

1992). For example, an initial magma Al2O3 content of 7 wt%, slightly higher compared to 

the commonly assumed value of <5 wt%, will yield plagioclase as a liquidus phase after 

57% crystallisation instead of 75%. The initial magnesium number of the bulk LMO also 

poses important constraints on the crystallisation sequence, especially towards the end of 

LMO crystallisation (Snyder et al., 1992; Shearer and Papike, 1999; Shearer et al., 2006).  

I.3.2 Cumulate pile overturn and remelting 

As detailed above the crystallisation sequence of the LMO is summarised as crystallisation 

of mafic cumulates, followed by plagioclase flotation and formation of the anorthositic 

crust, and finally crystallisation of titanium-rich cumulates (Fig. I3). Crystallisation of these 

late, relatively dense cumulates introduced a gravitationally unstable situation within the 

cumulate pile (e.g. Shearer and Papike, 1999). The likely effect of this gravitational 

instability would have been overturn of the cumulate pile. Different views exist on the 

nature, scale, and timeframe of overturn (e.g. Snyder et al., 1992; Hess and Parmentier, 

1995; Hess, 2000; de Vries et al., 2010) and even if overturn actually occurred (e.g. Elkins-

Tanton et al., 2002). This has different consequences for the subsequent thermal evolution 

of the Moon (Hess and Parmentier, 1995; de Vries et al., 2010).  

Mantle overturn is thought to have led to remelting of parts of the original LMO 

cumulate pile (e.g. Shearer et al., 2006), eventually causing eruption at the surface of the 

mare basalts and pyroclastic deposits. Of these volcanic deposits, the picritic glasses show a 

variety of colours related to their wide range of TiO2 contents (up to 16.4wt%). For 

example the low titanium bearing glasses are green, while the intermediate titanium bearing 

glasses are yellow and orange, and the high titanium bearing glasses are characterised by 

their red and black colours. These glasses also have relative high Mg numbers and are 

among the most primitive lunar samples we currently have. It is therefore essential to 
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Figure I3. Left-hand side: schematic cross-section of the structure of 

the lunar cumulates after LMO crystallisation, before chemical overturn 

(after Snyder et al., 1992). Abbreviations: OPX = orthopyroxene; CPX 

= clinopyroxene and ILM = ilmenite. Percentages denote fraction of 

total LMO crystallisation.  Right hand side: a schematic view of density 

variations within the crystallised LMO.  
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understand how they were involved in the early evolution of the Moon. Interestingly all 

glasses are saturated with both olivine and orthopyroxene, which does not explain the high 

titanium content of the high titanium bearing glasses. The depths at which these glasses are 

saturated with olivine and orthopyroxene, suggests that the low titanium bearing glasses 

originated from deeper levels compared to their high titanium bearing counterparts (e.g. 

Wagner and Grove, 1997; Elkins et al., 2000). An important question that has puzzled 

scientists is how the, relatively dense, high titanium bearing glasses, could have reached the 

surface and what the role was of mantle overturn in the generation of these glasses? The 

chemical composition of the lunar basalt samples is thus also an important variable and 

closely related to LMO evolution.  

 

I.4 Objectives 

This study has two main objectives:  1) improving our understanding of density of lunar 

magmas and 2) obtaining new trace element partitioning data for minerals that played a key 

role during LMO crystallisation and later remelting of cumulates. The first objective also 

includes the optimisation of an in situ technique to determine the density of silicates at high 

pressure and temperature conditions using synchrotron radiation. The second objective 

focuses on constraining the partitioning behaviour of orthopyroxene and ilmenite at high 

pressures and temperatures relevant to the interior of the Moon, using the newly set up high 

pressure laboratory at VU University Amsterdam.  

 

I.5 Synopsis 

This thesis is divided into two parts, focusing on physical and chemical aspects of lunar 

evolution. The first part describes density determinations of lunar melts. Chapter 1 presents 

measurements of the density at high pressure and temperature of a synthetic equivalent of 

the intermediate titanium (9.12 wt% TiO2) bearing Apollo 17-74,220 orange glass, using 

the sink-float technique. Chapter 2 discusses the optimisation and calibration of a diamond 

capsule high-pressure cell assembly, used for in situ density determinations with 

synchrotron radiation. In situ density determinations of synthetic equivalents of the low 

titanium bearing Apollo 15C green glass and high titanium bearing Apollo 14 black glass 

are presented in Chapter 3. Finally in Chapter 4 we review the various studies that focus on 

the density determination of lunar glasses, including our new measurements, and compare 

results with density predictions obtained by molecular dynamic simulations. 

The second part of this thesis studies trace element partitioning behaviour between 

melt and minerals that played a key role during lunar magma ocean crystallisation. An 

appendix details the calibration experiments performed to constrain experimental pressures 

in the talc-pyrex high-pressure cell assemblies used in this work. Chapters 5 and 6 focus on 
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the partitioning behaviour between orthopyroxene and an anhydrous melt, using a 

combined experimental and computational approach. Chapter 5 also describes computer 

simulations carried out to provide insight into substitution mechanisms that play a role in 

trace element substitution in orthopyroxene. Predictions from these computer simulations 

concerning the effects of both iron and lithium on trace element incorporation into 

orthopyroxene are tested experimentally in Chapter 6, and the data is used to constrain 

models for the formation of low-Ti mare basalts.  

Chapter 7 focuses on the distribution of trace elements between the high-Ti 

minerals ilmenite and armalcolite and co-existing anhydrous melt, and its implications for 

the formation of high-Ti mare basalts. The final chapter of this thesis combines the results 

of these partitioning studies with literature data to construct a forward model of trace 

element evolution, of selected trace elements, during lunar magma ocean crystallisation and 

subsequent remelting.  

 


